Abstract-Radiation effects in silicon detectors are discussed in view of their application in future high-energy physics experiments. An overview is given of the major changes in the operational parameters due to radiation damage and their origin in the radiation-induced microscopic disorder in the silicon bulk. The principal radiation hardening technologies are described that have been adopted by the high-energy physics community to face the hostile radiation environment where silicon pixel and microstrip detectors will operate in the Large Hadron Collider.
I. INTRODUCTION

S
ILICON-BASED devices are widely used in a variety of fields of application characterized by an hostile radiation environment. For this reason, radiation-damage research on silicon has received extensive attention in past years in order to assess the radiation-induced performance degradation of Si devices used in military, industrial, and medical applications as, e.g., nuclear blasts [1] , space-vehicle solid-state electronics systems [2] , and radiation dosimetry [3] . In particular, much effort went into correlating the changes in the electrical properties of irradiated Si devices with radiation-induced lattice defects; the close collaboration between fundamental research and technology development has been a major basis of these studies. During the last ten years, the increased use of silicon detectors in high-energy physics experiments has further reinforced this relationship, in an attempt to face the extremely severe radiation environment where silicon devices will operate. This applies in particular to instrumentation at the Large Hadron Collider (LHC) to be installed at CERN in the existing large electron positron (LEP) collider tunnel, providing proton-proton collisions with a center of mass energy of 14 TeV and an unprecedented luminosity of up to 10 cm s [4] , [5] . Experiments projected to run at the LHC are designed to have a highly advanced central tracking detector around the collision region, where high spatial precision and time resolution will be achieved using pixel and microstrip silicon detectors. The high luminosity and high beam energy will create a very hostile radiation environment. In particular, in the case of the two LHC experiments-Compact Muon Solenoid (CMS) [6] and A Toroidal LHC Apparatus (ATLAS) [7] -very high levels of radiation are anticipated due to the primary interactions around Manuscript received December 15, 2000 ; revised April 12, 2001 and May 9, 2001 .
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the collision region and due to the high flux of neutrons that will be present in the tracking volume due to the albedo of neutrons evaporated from nuclear interactions in the material of the electromagnetic calorimeter. The active area covered by Si detectors in the tracker region will be on the order of 70 m (ATLAS) and 230 m (CMS), respectively. During the 10-year lifetime of LHC's running, this area will be exposed to high-energy particle fluences up to 10 cm for strips and 10 cm for pixels [8] . The survival of the silicon detectors placed in the inner tracker region of CMS and ATLAS appears therefore as a major experimental constraint and has motivated in recent years dedicated radiation-damage research programs carried out by the high-energy physics (HEP) community [9] . This paper summarizes the anticipated radiation damage in silicon detectors in future high-energy physics experiments. A detailed analysis will correlate the most important features of damage in irradiated silicon detectors with the results of fundamental material research of lattice defects. Technological developments to mitigate radiation damage and to optimize the silicon tracker designs will be reviewed.
II. CHANGE IN THE OPERATIONAL PARAMETERS OF IRRADIATED Si DETECTORS
Typical modern silicon microstrip HEP detectors are produced from -type high-resistivity (1-6 k cm) phosphorousdoped float-zone (FZ) material. Strips are boron implants, and the signals from the collected charge are ac-coupled to the readout electronics through integrated capacitors made with thin layers of dielectric. Biasing is accomplished from a implant surrounding the active area acting as a bias ring through an array of polysilicon resistors. Typical linear dimensions are: detector thickness m, a single-module length of cm, strip width m, and interstrip pitch -m. An phosphorous layer is implanted on the backside to ensure the ohmic contact, provided by a uniform Al layer. For a detailed description of silicon microstrip devices and of their most important applications in HEP experiments, see [10] . The general approach followed by the HEP community in radiation-damage studies has been to investigate the radiation effects in silicon detectors using the simplified geometry of a single pad detector (SPD), i.e., a single-pad structure with a guard ring. In a second step, selected radiation damage studies on prototype LHC-detector modules have been carried out to quantify the degree of degradation of microstrip devices after irradiation simulating 10 years of LHC operation. The use of SPDs allowed the cost-effective development of a whole set of radiation tests, mainly concentrated on the study of bulk damage as a function of the fluence for different irradiating particles and energies. The vast amount of data taken with these test diodes provided a solid basis for the understanding of the principal mechanisms by which the detector performance deteriorates during irradiation. Radiation damage tests have focussed on the change in the following operative parameters: the full depletion voltage , e.g., the reverse voltage required to maximize the detector active volume; the leakage current ; and the charge-collection efficiency (CCE) as a function of applied bias voltage. Damage processes in semiconductors strongly depend on the kind of particle beam used and on its energy. The problem of establishing a damage equivalence between different particles and irradiation energies has been the subject of intensive studies spanning many years, from the early 1960s (see e.g., [11] ) to the present [12] , [13] . For practical reasons, the HEP radiation-damage research community has decided to use the 1-MeV neutron irradiation as a reference, and to refer to other irradiation conditions through radiation hardness factors derived from leakage current analyses on differently irradiated silicon SPDs [14] in the nonionizing energy loss (NIEL) hypothesis [12] , [13] . Focusing our attention on the single-pad Si detectors, the main effects observed after irradiation are summarized below. Fig. 1 shows the typical dependence of as a function of the fluence after a room-temperature irradiation with 1-MeV neutrons. The data refer to three sets of detectors made with standard -type FZ silicon with different starting resistivity. The change in depletion voltage is related to a change in the effective doping concentration in the space charge , defined by (1) with the absolute Si dielectric constant, and the electric charge. An exponential decrease of , and consequently of with the fluence , is observed in the low fluence range, a behavior that has been explained in terms of a shallow donor removal process. For higher fluences, a linear increase of with is observed. This phenomenon has been ascribed to the radiation-induced generation of an apparent acceptor-like state, which brings a negative contribution to , leading, for sufficiently high fluences, to the inversion of the sign of the space charge [15] . The fluence at which a minimum in occurs is called inversion fluence. In the very high fluence range ( cm ), values of are in the range 10 -10 V, corresponding to -cm , so that it becomes practically impossible to fully deplete the irradiated diode. In this simple picture, the change in sign of is attributed to the shift of the junction from the front side of the detector, near the contact, to the back side, close to the contact. The determination of , or, equivalently , is usually performed by measuring the C-V characteristics of the irradiated device, as (2) where and are the detector active area and depletion depth, respectively. A fundamental drawback in the use of C-V analysis to determine in heavily irradiated Si diodes is the strong dependence of the measured capacitance both on the temperature and on the frequency of the ac test signal. During a C-V measurement, a small ac signal is superimposed to the constant reverse voltage applied to the junction. The corresponding charge is due to the summing contribution of the free carriers at the neutral region boundary and of the carriers emitted and recaptured by the deep traps present in the depleted region. The junction capacitance is . The emission of electrons from trap is ruled by the temperature-dependent emission constant (3) where effective density of states in the conduction band edge; trap capture cross section for electrons; carrier thermal velocity; trap activation energy. If the frequency is too high with respect to , the deep trap will not be able to follow the ac signal and the C-V measurement will not reveal the deep trap contribution to the overall value of . An Arrhenius relationship has been verified between the cutoff temperature and frequency in heavily irradiated diodes related to a dominant defect with activation energy on the order of eV and cross section cm [16] . To obtain reliable C-V measurements, a correct parameter pair should be chosen; an alternative determination of can be obtained more directly by measuring as the bias at which the saturation in the charge collection is observed, as discussed in the next section. The value of after irradiation is a function of temperature and duration of the storage: this annealing phenomenon is discussed in detail in [17] . The absolute value of after irradiation can be described as the sum of four components, denoted by Roman numerals in (4) , shown at the bottom of the next page. The (I-II) terms do not depend on storage time and temperature (stable damage), while (III-IV) depend on time exponentially and on temperature through the time constants and ( eV, eV). The parameter , in slightly compensated silicon, is the concentration of shallow donors that can be actually removed by irradiation.
A. Effective Doping Concentration
, and can be intuitively interpreted as introduction rates of different acceptor-like defects. Increasing the storage time, the (III) component decreases to zero, while the (IV) component saturates to its maximum value . For this reason, (III) is said to give a beneficial annealing contribution, which at room temperature is characterized by a relatively short time constant: 2 days. This behavior can be due to the annealing out of a part of the acceptor-like defects created during irradiation or to the thermally activated generation of donor-like states. The last component in (4) , which increases with time, is called for this reason reverse annealing, and it is characterized by a time constant on the order of 350 days at room temperature, or, alternatively, 20 min at 60 C. Under saturation conditions, the change in is given by (5) Data reported in Fig. 1 refer to the saturation condition. They have been fitted by (5), with cm [17] , and assuming a 90% removal of the starting donor levels.
B. I-V Characteristics
The leakage current increase of irradiated silicon detector is well established experimentally [15] . The leakage current per unit volume measured at full depletion is directly proportional to the fluence (6) This behavior has been tested in the 1-MeV neutron fluence range 10 -2 10 cm [14] . As the leakage current of the irradiated detector is dependent on storage time and annealing temperature, the agreed standard procedure to evaluate is to measure at the reference temperature of 20 C after a thermal treatment of 80 min at 60 C [14] :
A/cm. Test diodes with typical active area of 1 cm and thickness of 300 m achieve room-temperature leakage currents up to the order of milliamperes after irradiations with cm . Of note is the fact that is independent of the starting silicon material used, in terms of both impurity concentrations and process technology, and can be referred from one particle beam used for irradiation to another by the use of the appropriate NIEL scaling factor. The current damage rate dependence on the storage time at C has been parameterized in [14] as follows:
This empirical relationship describes a beneficial annealing effect, as the leakage current is seen to decrease during the isothermal annealing at 60 C, without reaching a saturation value for . The exponential term in (7) is characterized by a time constant , with quite similar to the one observed for the beneficial annealing term: eV [18] . The logarithmic part can be tentatively explained by considering a possible contribution from the annealing of the radiation-induced charge trapped at the SiO passivation layer [19] , [20] . The leakage current dependence on is typically due to carrier generation: with the bandgap energy. The forward current is observed to decrease drastically as the fluence increases. After irradiation with fluences of 10 cm , the forward characteristic shows an almost linear dependence on the applied voltage [21] .
C. Resistivity and Conductivity Type
Silicon detectors biased with reverse voltages lower than have zero electric field in a portion of the bulk: this region is called electrical neutral bulk (ENB). The radiation-induced changes in resistivity and in conductivity type of this region can be investigated using the four-point probe (FPP) and Hall effect (HE) analyses, two standard techniques widely applied to characterize the electrical transport properties in semiconductors [22] . The resistivity in a semiconductor ambipolar material depends on the mobilities and the free carrier concentrations (8) with
. In nonirradiated silicon detectors made with low-compensated -type bulk at room temperature, and is negligible, so that the bulk resistivity can be evaluated by C-V analysis and through the expression . In irradiated silicon, for fluences high enough to produce inversion, as calculated from C-V measurements increases up to values well above the starting ones, while the resistivity obtained by FPP analysis stabilises itself (at room temperature) at a value close to 100 K cm independently of the starting doping level of the investigated silicon material [23] . This effect is evidenced by the plot shown in Fig. 2(a) , where the apparent resistivity calculated from C-V measurements is compared with the bulk resistivity determined by the four point probe technique. This clearly indicates that in irradiated silicon it is no more possible to directly equate the free carrier concentrations in the neutral bulk or with , which represents the concentration of fixed charge in the space charge region. HE analysis has been also carried out to investigate the conductivity type in the irradiated silicon. The Hall coefficient for ambipolar semiconductors is given by (9) with Hall factor. Because in silicon , the change in sign of from negative to positive clearly indicates an inversion of the conductivity from -to -type. This effect has (4) Fermi level pinning at eV as the fluence increases, a boundary value that seems to be independent of the initial resistivity of silicon in the range 0.1-30 K -cm. This effect has been observed also by other techniques (see, e.g., [24] ). As described in [25] , the phenomenon of the Fermi level pinning to a boundary position that is not affected by further irradiation is quite general and is observed in all highly defective semiconductors, independently of the type of irradiation-induced defects, type of chemical impurities, and initial doping level of the semiconductor. Heavily irradiated Si therefore can be regarded as a slightly -type quasi-intrinsic material.
D. Charge-Collection Efficiency
Electrons and holes generated by the impinging ionizing particle in the silicon detector active volume drift due to the applied electric field and are collected at the electrodes. The CCE is measured as the ratio of the charge collected in an irradiated silicon detector and the charge generated and collected in a nonirradiated silicon detector with the same active volume, reversed biased beyond depletion. Charge-collection measurements are usually performed using Ru or Sr sources: the minimum ionizing electrons are collimated to a beam spot before transversing the silicon detector and then measured by a scintillation counter, which serves as a trigger. A silicon 300-m-thick detector with 100% CCE gives a charge-collection signal of 24 000 electrons when a Ru source is used (for true minimum ionizing particles the value is slightly lower). Charge collection can be studied also by means of an infrared laser, typically with nm, with very fast rise and fall times to simulate ionization from charged particles. In nonirradiated devices, the CCE is directly proportional to the depletion depth and, consequently, to the square root of the applied voltage CCE -
for and saturates to 100% at full depletion. After irradiation with 1-MeV neutrons to a fluence of 10 cm , a deficit on the order of 10% is observed in the saturation value of the CCE. A model of the CCE has been proposed in [26] , where the total charge pulse is the sum of two contributions: one from the space charge region (SCR)
, due to the drift of carriers in the SCR, and the other from the neutral bulk region , caused by the current flowing in ENB (11) (12) where and with or . In nonirradiated silicon ns (i.e., the time for holes to drift ) and the charge pulse follows an exponential rise:
. In irradiated detectors, as , with the consequence that for a fast shaping readout as needed for the LHC (25 ns), a significant amplitude reduction is observed due to the loss of the signal component ("ballistic deficit"). The reduction factor in the CCE is dependent on the reverse voltage, as it is given by the ratio between the depletion depth and the total thickness:
. In [27] , it has been demonstrated that due to this geometrical effect, the function CCE(V) is linearly dependent on the reverse voltage in heavily irradiated, partially depleted silicon detectors. At full depletion, this reduction factor is no more significant; the trapping of free carriers is a cause of charge-collection reduction, as discussed in [28] : CCE with concentration of the trap affecting the charge pulse and collection time.
E. Electric Field Distribution
If a red light laser with short pulse duration is used (typically -nm and pulse duration 1 ns) to illuminate the Si detector, the light penetration is on the order of few microme-ters, and laser-induced current-pulse shapes can be measured to study time-resolved hole and electron transport. The current induced by the charge moving in the detector in the space charge region is . Assuming , this method, called transient current technique (TCT) [29] , can be used to investigate the electric field distribution inside the irradiated detector. The injection of carriers by laser illumination produces a fast increase in the TCT signal as a function of the time followed by an exponential decrease. The change in the slope of the decay time as a function of the reverse voltage gives indication that the detector has achieved full depletion conditions. It was shown in [30] that for fluences higher than the inversion fluence, an irradiated Si detector appeared to be sensitive on both sides for and that a field maximum was observed not only on the rear contact (as expected from type inversion) but also on the front contact. To explain this experimental fact, the irradiated detector is assumed to contain a double junction (DJ): one still placed at the contact, with , and a second at the contact, characterized by . The TCT response measured with a detector irradiated with fluences on the order of 10 n/cm or higher when biased with is characterized by a double peak shape. This gives evidence of an electric field distribution characterized by two maxima associated with the and contacts.
III. RADIATION-INDUCED LATTICE DISORDER
The problem of defects introduced by irradiation into silicon has been discussed widely in the literature, starting in the 1950s (see, e.g., [31] ) and continuing to grow in time until now. This is due partly to the fact that new and improved experimental and theoretical capabilities continually lead to advances in the physical understanding. Another reason is the increased complexity of the radiation environments, requiring the performance of selected studies directly related to the specific irradiation field in which the silicon devices will operate. A variety of experimental methods are used to study defects in semiconductors, and it is not possible to present here a complete list of all these methods, as this is a continuously developing field. A general review on this subject can be found, e.g., in [22] . In the early stages of this field, radiation-induced defects were mainly studied by four-probe resistivity and Hall coefficient measurements as a function of the temperature [32] , [33] , electron paramagnetic resonance (EPR) [34] , or infrared absorption spectroscopy [35] . In the 1970s, spectroscopic techniques as thermally stimulated currents (TSCs) [36] and deep level transient spectroscopy (DLTS) [37] significantly improved the knowledge on radiation-induced defects, allowing determination of the activation energy , electron/hole capture cross sections , and concentration of deep defects. In a TSC measurement, the diode is reverse-biased and cooled down to, e.g., liquid nitrogen temperature; then the voltage is reduced to zero or reversed in polarity to forward-bias the device. During this time, the traps in the depletion region that previously were empty get filled with free carriers in the neutral bulk. A subsequent heating of the reverse-biased sample will cause a peak in current due to the release of the carriers from the trap. The TSC current during the heating process is of the following form: (13) where is the constant heating rate and the initial temperature of the measurement. The first TSC measurement inside the HEP community was performed in 1976 [38] . An -type high-resistivity Si detector was irradiated by high-energy muons in the CERN-neutrino beam line: the TSC study led to the determination of a dominant defect with an energy level at 0.4 eV. The main disadvantage of a TSC experiment is its poor performance at high temperatures ( K) due to the increase in the dark current, preventing the study of defects with energy levels close to the midgap, characterized by typical TSC peak temperatures of 200-250 K. This limitation was overcome by rate window techniques such as DLTS, which in addition allows one to easily distinguish between electron-and hole-traps. Here the defects are primed repetitively while the temperature is scanned and the bias on the test diode is pulsed between a value near zero and a certain reverse bias . During the reverse bias pulse, the trapped carriers are emitted at a rate , producing an exponential transient in the capacitance. Two capacitance measurements are performed with a 1-MHz capacitance meter at times during each reverse bias pulse, and the DLTS signal is recorded as a function of the temperature. The first DLTS study performed on neutron irradiated -type high-resistivity Si detectors for HEP experiments was reported in [39] after neutron irradiation with fluences up to 2 10 n/cm . A major problem in using DLTS to study heavily irradiated Si (typically observed for 1-MeV neutron fluences cm ) is the flattening of the C-V curves at high test signal frequency discussed in Section II. Another problem encountered when studying heavily irradiated Si with either TSC or DLTS is that the high resistivity of the neutral region prevents the ability to prime the traps by simply collapsing the depletion region. These difficulties have been overcome in photoinduced current spectroscopy (PICTS) [22] , also referred to as I-DLTS in literature [40] . The traps are primed by illuminating the sample with photons of energy greater than the bandgap. The excess electrons and holes are captured at trapping sites and subsequently released by thermal emission when the light is turned off, producing a current transient. The first I-DLTS analysis on a Si detector for HEP experiments irradiated to 1.5 10 n/cm was reported in [41] : 14 levels with energy ranging from 0.03 to 0.5 eV have been identified with this technique. In this brief discussion on experimental methods, one should mention transient current technique (TCT), which proved to be a powerful technique to study deep radiation-induced traps. Illuminating the sample from both and sides, it is possible to study separately the characteristic parameters of electron and hole traps. Experimental results have shown that this technique is quite sensitive to energy levels close to midgap [42] . A data collection of the most important deep defects observed in silicon [18] , [43] - [58] is presented in Table I. TABLE I  RADIATION-INDUCED DEFECT PARAMETERS DLTS, TSC, PICTS, and TCT are not sensitive to the specific structure of the defects related to the detected energy levels. Therefore, defect identification listed in the table is performed through other methods, such as EPR, IR, or photoluminescence analysis. Defects such as phosphorous-vacancy (P-V), vacancyoxygen (V-O), and divacancy V in different charge states and carbon-related traps such as interstitial carbon C or complexes such as C substitutional carbon C -C or C interstitial oxygen C -O have been intensively studied in the past. Midgap defects, characterized by energy levels at 0.5 eV from the valence or conduction band edges, have been detected more recently. Some authors have related the V O defect to the energy level at -0.54 eV [59]-but great uncertainty still exists concerning this assignment.
It is well known that extended disordered regions are created by irradiation with high-energy particles. A localized cluster of lattice defects is produced at the end of a recoil path from a single collision between an energetic neutron and an atom in the lattice [60] . Early on, it was believed that such regions could not be detectable by DLTS analysis because the screening potential surrounding them drastically reduces the probability of carriers to be captured by defects within the clusters [61] . More recent studies have proved that extended defects such as NiSi precipitates in silicon give rise to DLTS spectra, which are significantly broadened and exhibit specific variations with pulse duration [62] and electric field [63] . In this analysis, a DLTS signal broadening with temperature arises from the spread of the defect electronic states in energy [64] . A broadening and distortion of the I-DLTS peaks assigned to a divacancy in single minus charge state V have been observed in proton and neutron irradiated detectors [65] in the high temperature range, over 200 K, giving indication that radiation-induced clusters of defects are actually present and detectable in the bulk; this hypothesis is strongly supported by the fact that gamma-irradiated detectors, which should not contain cluster defects, exhibit a standard-shaped V DLTS peak. The high temperature region of TSC and I-DLTS spectra has been studied in [66] by considering an energy-dependent deep-level density of states . A numerical approach takes into account TSC and I-DLTS as a system of two nonlinear integral equations from which it is possible to infer a continuous deep level distribution in the en- ergy gap. The density of states obtained with this method, combining TSC and I-DLTS data obtained from Si -type detectors irradiated up to a 1 MeV neutron equivalent fluence of 9 10 cm , is shown in Fig. 3 in the range 0.36-0.50 eV. The two broad energy bands between 0.40-0.45 and 0.46-0.50 eV, respectively, can be tentatively identified as cluster related. In the inset, they have been arbitrarily attributed to defects placed in the upper half of the bandgap.
IV. RADIATION-INDUCED SHALLOW DONOR REMOVAL
The effective space charge concentration , in the low fluence range, shows an exponential decrease that is attributed to a total or partial removal of the shallow dopant levels. The phosphorous removal is induced by radiation through the creation of phosphorous-vacancy (P-V) complexes introducing an acceptor level at about -0.44 eV (see Table I ). A direct measurement of the radiation-induced changes in the shallow concentration has been performed by TSC analysis in the low temperature range 10-20 K [67] . In this temperature region, the TSC signal is influenced by the narrowing of the depletion depth due to the release of carriers from the shallow donors and by the temperature-dependent electric field, which enhances trap emission by Poole-Frenkel or tunneling processes [68] . Fig. 4 shows the TSC signals measured by applying a fixed V to Si detectors (starting resistivity cm) irradiated with fluences up to 10 cm : the TSC signal decreases and broadens as the fluence increases. For a detailed discussion of these measurements, see [67] . A numerical fit of the TSC spectrum related to nonirradiated diodes indicates that the main peak is the sum of two components, due to and , where % . After irradiation, the phosphorous concentration was reduced to 10% of the initial value. and evaluated, respectively, by TSC and C-V measurements with the same set of samples are compared in the inset of Fig. 5 . and are fitted as a function of the fluence using the exponential decay:
with removal rate cm . The donor removal phenomenon has been studied by C-V analysis in [69] for different starting Si material, FZ or Czochralsky (Cz), with different starting resistivities. In all the materials but Cz with cm, the fraction of radiation-removed shallow donors has been estimated to be on the order of 60-90%. A removal rate inversely proportional to the starting concentration of shallow donors has been proposed by [70] :
. This approach is similar to the one adopted for irradiated -type solar cells made with Si [71] and InP [72] . With this formulation, low irradiation fluences cause a change in the shallow concentration that is directly proportional to irradiation through a constant rate cm , which can be interpreted as the generation rate of P-V complexes in irradiated Si (14) Unfortunately, this expression cannot be confirmed by studying directly the increase of concentration of the P-V complex with the fluence by DLTS or TSC because the signal related to this defect coincides in the spectra with the one from V .
V. DEFECT ENGINEERING TO ENHANCE THE Si RADIATION HARDNESS
A possible way to optimize the radiation hardness of silicon materials is to perform selected defect engineering. In the HEP community, since 1995, the RD48 CERN collaboration has adopted the strategy of adding impurities in the silicon bulk in order to affect the damage-induced formation of electrically active defects, thus controlling the macroscopic device parameters [9] . The key idea in the RD48 proposal was in particular to investigate the influence of carbon and oxygen to silicon radiation hardness. It is well known that the concentrations of interstitial oxygen O and substitutional carbon C in Si are strongly dependent on the growth technique. (In the following, we will denote the concentration of an atom X by square brackets, i.e., by "[X]".) In high-purity FZ Si [O ] cm , while in Cz Si [O ] can reach values as high as 10 cm . Oxygen is believed to increase the Si radiation hardness through the capture of radiation-generated vacancies to produce the V-O complex (A center). By forming the A center, O acts as a sink of vacancies, thus reducing the probability of formation of the divacancy-related complexes, which are responsible for deeper levels inside the gap. The effect of oxygen in irradiated silicon has been a subject of intensive studies for a long time. In the case of Co -photons irradiation, significant radiation hardening effects were found in 1964 by increasing the oxygen concentration in Si [73] . Conversely, neutron-induced degradation of -type Si was observed to be independent of the oxygen concentration in 1966 [74] . The authors explained these two experimental observations by the facts that in -irradiated Si the lattice damage is mainly due to point defects, which are interacting with the native impurities, while in neutron-irradiated Si, where the main lattice damage is related to defect clusters, defect-impurity complexes involving O are not playing a significant role. The first attempt in the HEP community to enrich silicon wafers with oxygen for radiation hardening purposes was made in 1992 at Brookhaven National Laboratory (BNL) [75] , [76] . As the Cz silicon is not available in detector grade quality, a proper oxygenation technique was developed at BNL to produce diffusion oxygenated float zone (DOFZ) silicon. By this method, silicon was doped with oxygen by high temperature (1200 C) oxidation during 20 to 220 h to obtain a O concentration on the order of 5 10 cm . After irradiation with 1-MeV neutrons, no beneficial effect of oxygenation was found on such oxygen-enriched Si detectors. Conversely, a beneficial effect of oxygenation was observed by C-V analysis after irradiation with 24-GeV/c protons. The analysis of the effective concentration resulted in a value of the parameter in (5) a factor lower than for standard Si [77] . The same authors observed a factor 2-3 times higher by measuring proton irradiated Si detectors made with a carbon-enriched material ( cm ). A systematic study of the effect of oxygen impurities on the radiation hardness of FZ Si detectors for HEP experiments has been performed recently by [78] for neutron, proton, and -irradiation. The beneficial effect of oxygen in -irradiated Si detectors was observed by C-V measurements: oxygen-enriched detectors showed very little change in up to 600 MRad and do not exhibit inversion indicated by a change in the sign of , while detectors made with standard FZ Si show inversion at about 250 MRad. Charge-collection efficiency measurements have been performed on oxygenated microstrip and single pad detectors [79] . ATLAS microstrip detectors with -strip readout made from oxygen-enriched FZ Si ([O ] cm ) have been irradiated with 24-GeV/c protons up to 3 10 cm . The results do not show a major advantage in oxygen-enriched silicon detectors in terms of the required operating voltage to maximize the CCE. The slope of the CCE versus voltage curve is higher for oxygenated material, but above the full depletion voltage obtained by C-V measurement, the CCE continues to rise significantly with bias. Another effect attributed to O is the significant reduction of the fraction of radiation-removed shallow donors, in Cz 100 cm Si [69] . This effect has been tentatively explained by the authors, suggesting that the large amount of interstitial oxygen present in the bulk (O cm ) acts as a sink for vacancy, thus preventing the formation of the P-V complex, but, as the concentration of phosphorous in these samples is 4 10 cm , this effect should be visible also in standard FZ Si where the oxygen concentration ( 10 -10 cm ) is still orders of magnitude greater than that of phosphorous. Moreover, this effect was not observed in DOFZ Si. As a comment, we note that in the case of Cz Si, the role of hydrogen should also be considered, as this element is present in nonnegligible concentrations in this kind of material. It is well established that H-atoms can be trapped by shallow acceptors or donors [80] or can lead to hydrogen-vacancy and hydrogen-interstitial complexes [81] . To conclude this section, we note that the role of nitrogen on point defect aggregation should also be taken into account in the development of radiation hardening technologies by defect engineering, as nitrogen is known to considerably enhance the recombination between interstitials and vacancies even at concentrations below the detection limit ( 2 10 atoms/cm ) [82] .
VI. DISCUSSION
A. Correlation Between Microscopic Damage and Detector Performance
Even in light of the advances in the understanding of radiation damage phenomenadescribedintheprevioussections,wearestill lacking an overall microscopic explanation of the behavior of irradiated silicon detectors. We will therefore give in this section only a brief outlook regarding this problem. It was stressed in the previous section that oxygen can play an important role as a sink of vacancies V, through the reaction V O V-O. The introduction rate and the shape of the broadened peaks observed in the high temperature range of DLTS spectra, which have been tentatively related [65] to divacancies placed inside and in the proximity of clusters, are not affected by the oxygen concentration [9] . This can be easily explained considering that the average concentration of vacancy-related defects inside a cluster is on the order of 10 cm , which cannot be significantly affected by oxygen concentrations up to the order of 10 cm . This is in agreement with the evidence that radiation damage in neutron irradiated silicon is not influenced by oxygen. In gamma-irradiated materials, where the concentration of radiation-produced clusters is negligible and the concentrations of point defects are much smaller than [O ] , the V-O formation in oxygen-enriched Si is far more favored than the generation of V [78] .
The ROSE collaboration has attempted to correlate the microscopic disorder with the detector performance by considering the kinetic reactions involving both the Frenkel pairs produced as primary defects (a vacancy an interstitial silicon) and the major impurities in the lattice as phosphorous, oxygen, and carbon [83] . Following this model, the -radiation-induced macroscopic changes are satisfactorily described through the production of the V O defect; nevertheless this model does not hold for hadron irradiation. As discussed in previous papers [84] , a model considering a unique deep acceptor-like point defect is not realistic, as, by increasing the fluence up to very high values, the electrical neutral bulk should become definitely -type. This has not been observed in any kind of material by FPP and HE techniques, which showed that heavily irradiated Si is always quasi-intrinsic. Conversely, the formation of a double junction separated by a quasi-intrinsic -type neutral region can be satisfactorily modeled using a two-level system composed by a deep acceptor plus a donor placed in the upper and lower half of the bandgap [85] , [23] . The ionized deep levels that contribute to should be characterized by a high filling factor , defined as the ratio between the concentration of traps filled with electrons and the concentration of nonoccupied traps , which is highest for the deepest levels such as V and traps at 0.5 eV from the valence or conduction bands [28] .
The large number of different energy levels observed in the energy gap after heavy irradiation [86] , [41] and the very high local density of defects that can be achieved particularly in the proximity of clusters strongly suggests that charge transfer mechanisms should occur between neighboring levels [87] . As discussed in [88] , this intercenter charge transfer in silicon can lead to a reasonable explanation for the high leakage current values observed after irradiation beyond the Shockley-Read-Hall model [89] . It is well known that defect-assisted tunnelling can become a cause of excess current if the electric field is sufficiently high [90] . Carrier exchange between a shallow level and a defect closer to midgap could be the origin of excess current, through a direct tunnelling from conduction band into the shallower state and successive recombination into the deep state [91] . A possible two-level system of this kind is reported, e.g., in [92] and suggests a direct charge transfer between the pseudodonor C O and the V-O complex.
A complete microscopic description of the annealing behavior observed for and is still lacking. The beneficial annealing observed in leakage current and in has been tentatively correlated with the room-temperature annealing out of the DLTS peak related to a pseudoacceptor with trap parameters eV and cm [9] . The TSC and DLTS signals of this defect are superimposed to those associated to the P-V complex signal, but the origin of such a defect is still uncertain. The reverse annealing effect has had no clear explanation either, up to now. The most important evidence is related to the continuous growth of the TSC peak traditionally attributed to the C O defect observed with increased room-temperature storage time [93] . Recent TSC measurements [58] have shown that the peak that was attributed to C O is probably a composition of several levels, with significant contributions from acceptor-like defects. To conclude, we note that as the research has proceeded, it has become apparent that other impurities including self-interstitial complexes [94] , nitrogen [95] , and hydrogen [96] also play important roles in the kinetics of radiation damage and should be taken into account.
B. An Overall Picture of the Irradiated Detector
The experimental results reported in the previous sections provide an overall picture of the heavily irradiated HEP silicon detector. In partial-depletion conditions, the electric field distribution is characterized by two junctions placed at the rear and front contacts, with of opposite sign. The two junctions are separated by a quasi-intrinsic neutral region with a slightly -type character. Fig. 5 shows a sketch of the heavily irradiated SPD at . The material is characterized by a close to intrinsic resistivity, corresponding to very low free carrier concentrations . Conversely, the depletion regions under reverse bias conditions are characterized by high hole and electron-leakage current densities , and therefore by nonnegligible free carrier concentrations: and . As a consequence, the capture coefficients of the deep traps in the depletion regions increase ( and ), and the filling factor and the charge state of the deep levels can be strongly enhanced, as discussed in [28] . The most important contribution to in the two space regions is given by the traps with the highest value.
By increasing the reverse bias, the two space charge regions approach themselves deeply into the bulk until they produce, at full depletion, a unique region (pinchoff effect), characterized by an electric field with the double peak shape described in [28] .
In irradiated silicon microstrip devices read out with the LHC speed electronics, the bias voltage required for the onset of the maximum charge collection efficiency is greater than the full depletion voltage coming from CV measurements [97] - [99] . This effect could be related to the peculiar shape of the electric field distribution, characterized by a minimum in the central bulk of the detector. This minimum should be increased over some critical value by further increasing the bias over the full depletion voltage to maximize the charge-collection efficiency from the entire detector volume. Of note is the fact that with the -strip detector readout technology first developed by ATLAS, the charge-collection efficiency maximum was actually achieved at full depletion [97] , [98] . This suggests that the double-peaked electric field distribution should be asymmetrical in shape, allowing a better efficiency in collecting charge through the side as compared to the side. In microstrip devices, a large part of the surface is covered by oxide with respect to SPD. This can lead to a significant radiation-induced surface damage, related to interface traps and oxide charges located at the Si-SiO system, leading to a continuum of energy levels in the gap. Close to midgap, the interface trap density is almost one order of magnitude higher for 111 crystal orientation than for 100 , due to the higher number of available dangling bonds at the crystal surface in 111 [100] . As a result, interstrip and backplane capacitances of microstrip detectors manufactured using 100 Si are less affected by radiation than those produced from 111 -oriented Si [101] . This effect is observed on the -side of inverted detectors for bias voltages below full depletion, whereas comparable and values are measured when 100 and 111 Si-based devices are operated in overdepletion conditions.
C. LHC Operational Conditions
The development of silicon detector radiation-hardening technology for LHC has followed a two-way strategy. The first key point, the most important one, consisted in keeping the leakage current at full depletion under control by reducing the operating temperature of the devices. Operating temperatures down to 10 C have been considered in the design of the silicon tracker in the two LHC experiments CMS and ATLAS, corresponding to a reduction of the detector leakage current of approximately a factor 20 relative to room temperature. The lowering of the temperature has required a significant development of the silicon tracker technology [102] . As the leakage current strongly contributes to fill the deep traps that are responsible for the high observed in heavily irradiated silicon, keeping the detectors in a cold environment significantly reduces also the bias required to maximize the CCE [28] . This is the reason why the CCE signal of a heavily irradiated detector is observed to rise significantly at low temperatures ("Lazarus effect") [103] . Moreover, keeping the operational temperatures low causes the reverse annealing effect described in Section II to be frozen out. If the low temperature is kept continuously during the LHC operation and room temperature is maintained during the beam off period ( 5 months per year) an 35% amplitude of the saturation reverse annealing component is foreseen: this would have a large effect on the depletion voltages over the ten years of operation of LHC. If maintenance periods at room temperature are shortened to a minimum (like a few days per year), the reverse annealing component will fall to values less than 1% [9] .
The second technological key idea is the optimization of a rad-hard -type silicon material. As the current damage rate is independent of the starting silicon material used, a beneficial effect is expected only in terms of and CCE. As the changes in are supposed to be determined by the shallow removal effect and by the introduction of vacancy or divacancy-related deep acceptor-like traps, this study has been focused on: 1) the optimization of the starting resistivity and 2) the oxygen enrichment of the samples, as interstitial oxygen can act as a sink of vacancies during and after irradiation. One way to shift the inversion fluence toward the high range is the lowering of the starting resistivity. Very low resistivity values are nevertheless not convenient, as they will mean very high full depletion voltages: a best compromise is believed to be achievable with K cm. In that case, is expected not to change in sign up to 6 10 cm if detectors are kept at 10 C with a two-week maintenance per year at room temperature.
As far as the oxygen enrichment is concerned, as discussed in [9] , the advantage of the DOFZ material should be particularly evident at the closest interaction point, e.g., the pixel layers in the ATLAS tracker placed at a distance cm, where charged hadrons are the prevailing component to the total fluence. The benefit of using the oxygen-enriched material is less pronounced for microstrip detectors located in the barrel layer at cm, as in this latter case charged hadrons contributes only by 50% to the total equivalent fluence, while the remainder is also given by albedo neutrons. Unfortunately, the lower observed by C-V measurements in proton-irradiated oxygenated materials does not correspond to a lower value of the bias needed to maximize the CCE [79] . More studies are therefore needed on oxygenated silicon microstrip detectors before undertaking the decision to use DOFZ on a large scale in ATLAS and CMS microstrip and pixel detectors.
VII. CONCLUSION
The large-scale application of silicon microstrip and pixel detectors to provide precision tracking of charged particles at the future CERN LHC experiments has triggered in recent years an extensive research activity focused on the radiation-induced degradation of such devices in the anticipated environment. The main aspects and results of this work have been discussed in this paper. The requirements for the silicon detectors are a single-strip binary readout threshold of 1 fC for ATLAS and a signal-to-noise ratio of 10 in deconvolution mode for CMS. Measurements performed on silicon microstrip detectors irradiated up to 1-MeV neutron fluences of 10 cm , corresponding to approximately ten years of operation of LHC, proved that silicon detectors can match these performances provided that certain technological improvements are implemented. An efficient cooling system must be installed to keep the overall silicon active area at temperatures around 10 C during operation and, possibly, during almost all the beamoff period. Radiation-hardening technologies have been proposed and are presently under study to control the performance degradation through the introduction of selected impurities in the silicon bulk. A significant lowering of the full depletion voltage derived by C-V measurements after and proton irradiation has been observed when oxygen-enriched FZ silicon is used. Surface damage reduction is observed by using 100 -oriented silicon. However, as overdepletion is required to maximize the charge-collection efficiency, the operational advantages of using oxygenated devices and 100 orientation are significantly reduced. More studies are in progress to understand these effects in more depth and to further improve the radiation hardness of silicon microstrip and pixel detectors.
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